Poly(2-methyl aniline) or poly(ortho-toluidine), as ring substituted derivative of aniline, has been synthesized electrochemically in various concentrations of H 2 SO 4 and HCl, and then characterized by cyclic voltammetry, as well as by impedance and Raman spectroscopy. The cyclic voltammograms of poly(o-toluidine) and poly(aniline) show that the electrochemical polymerization of these two polymers proceeds by almost identical mechanisms. The Raman spectroscopical measurements suggest that the redox reactions of poly(aniline) and poly(o-toluidine) are similar in the potential range between -0.2 and 0.7 V vs. SCE. The impedance measurements showed that the conductivity of poly(o-toluidine) is an order of magnitude lower than that of the corresponding poly(aniline) form.
INTRODUCTION
In the last twenty years great scientific attention has been paid to electroconductive polymers such as: poly(acetylene)s, poly(thiophene)s, poly(pyrrole)s, poly(aniline)s, etc. Among all these polymers particular interest has been paid to poly(aniline) (PANi) due to its high conductivity in the oxidized state. low weight and environmental stability. One of the most useful methods for the preparation of PANi and its ring substituted derivatives is electrochemical synthesis. [1] [2] [3] Electrochemical synthesis is usually carried out by cyclic voltammetry with the cathodic potential in the range between -0.2 V and 0 V vs. SCE and the anodic potential in the range between 0.7 V and 1.2 V vs. SCE in acidic aqueous solutions containing monomer. [4] [5] [6] The polymeric material is deposited on the working electrode, and its redox state can be well controlled by the value of the applied potential. So far, most of the studies have been devoted to the polymerization mechanism of PANi, and also to the influence of the pH value, the nature of supporting electrolyte, anion effects, monomer concentration, etc. [7] [8] [9] [10] The large-scale application of PANi is sometimes limited by the insolubility of its protonated state and the dificulty of processing by conventional methods. This short-27 * Author for correspondence, tel. ++389(91)362-031, fax: ++389(91)365-389, E-mail: arsov@ukim.edu.mk.
coming has usually been overcome by preparing PANi films in functionalised acids, 11, 12 or by the synthesis of various PANi copolymers, 13, 14 as well as the polymerization of different alkyl-ring substituted monomers. Whereas many reports deal with the electrochemical synthesis and properties of aniline derivatives, much less is known about their polymerization mechanism.
In this paper, the main efforts will be focused on the electrochemical synthesis of poly(o-toluidine) and its charactrization using cyclic voltammetry, impedance and Raman spectroscopy. The structure and the redox reactions of poly(o-toluidine) films will be compared with the already well known structure and redox reactions of PANi films, published in our previous papers. 15, 16 
EXPERIMENTAL
Prior to the electrochemical polymerization, o-toluidine was purified by vacuum distillation. Poly(o-toluidine) films (POT) were synthesized in aqueous solutions of H 2 SO 4 and HCl of varying molarity (0.5 M, 1 M and 2 M acid concentrations were used). Different concentrations of o-toluidine in the corresponding electrolytes were employed. For the cyclic voltammetric measurements, a three-cell electrode system (similar to the earlier procedure) was used. 17 The POT films were grown on a Pt working electrode (78 mm 2 ), by cycling the potential between -0.2 V and 1.2 V, as well as -0.2 V and 0.7 V vs. SCE. An alternative approach was also applied: namely, the first two cycles were scanned with the very low sweep rates of 2 mV s -1 in the range from -0.2 to 1.2 V vs. SCE, and then the next cycles were scanned at different rates, i.e., 20, 50 or 100 mV s -1 , in the same or reduced anodic potential up to 0.7 V, and 0.8 V vs. SCE. Prior to each run, the Pt electrode was polished with 0.1 m m diamond paste and ultrasonically washed with methanol and distilled water. A Pt foil was used as the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. All potentials in this work are referred to the saturated calomel electrode (SCE). The solutions were degassed in the electrochemical cell by bubbling argon trhough them for at least 30 min. After the electrochemical polimerization, the films were washed with distilled water in order to remove the low molecular soluble products.
The cyclic voltammetry measurements were performed using a HEKA Model 488 potentiostat-galvanostat interfaced with personal computer. The Raman spectra were recorded using a Phillips instrument in the spectral range between 100 cm -1 and 1800 cm -1 . The 632.8 nm excitation line of a 100 mW He/Ne laser was used. The conductivity measurements were performed in a three-cell IM5d impedance measurement system "Zahner electric".
RESULTS

Cyclic voltammetry (CV)
The electrochemically prepared POT and PANi give identical cyclic voltammograms under the same experimental conditions. The initial CV curve shows an irreversible oxidation peak between 0.8 V and 1 V (depending on the scan rate). 1 After several cycles this peak disappears and the newly formed redox anodic and cathodic peaks increase in intensity in each next cycle.
The cyclic voltammograms for two different concentration of H 2 SO 4 containing 0.1 M o-toluidine are shown in Fig. 1 .
It is evident that the shapes of the voltammograms are quite different, depending on the concentration of the supporting electrolyte. In Fig. 1a , intensive anodic and cathodic peaks are observed at 0.43 V and 0.33 V, respectively, with almost invisible shoulders. These two peaks are mainly due to the degradation of the polymer and soluble sur-face-bound products. 18 At the same time, during the cycling, the electrode is covered with a thick deposit and extensive dissolution occurs. The solution near the electrode surface became an intensive green colour. For lower anodic potential limits, (up to 0.7 V), the voltammograms showed only poor, undefined large peaks.
In the higher H 2 SO 4 concentration (Fig. 1b) , three redox peaks are detectable and the voltammograms show similar shapes as in the case for PANi. 15 It can be said that the identical redox process occurs during cycling of these two polymers.
For a reduced anodic potential limit (up to 0.8 V), ( Two pairs of well resolved redox peaks A/a and B/b which progressively develop at 0.25 V and 0.6 V can be seen in Fig. 2 . This strongly resembles the behaviour of PANi. Only a third pair of redox peaks, the so called "middle peaks" C/c, which belong to the degradation products 20 is poorly recognized. As expected, due to the presence of the electron-releasing methyl group in the ortho-position, the potentials of the first peaks A/a in POT are slightly less positive than the corresponding values in PANi.
A comparison of Fig. 1 and Fig. 2 shows that the regular oxidative voltammetric behaviour of o-toluidine is possible only in higher concentrations of H 2 SO 4 and o-toluidine.
The cyclic voltammograms for POT films grown in HCl, with a reduced anodic potential limit (up to 0.7 V) are presented of Fig. 3 . It should be noted that, compared to H 2 SO 4 , higher acid (2 M HCl) and monomer (> 0.5 M o-toluidine) concentration were required in order to obtain a reasonable polymer growth. In agreement to previously reported results, 16 for 1 M HCl and 0.1 M o-toluidine, very poor voltammograms with already inactive peaks were registered.
Two pairs of redox peaks were detected without any potential shift. No middle peaks C/c were detected, confirming the non-existence of degradation products and higher regularity, homogeneity and adherence of the deposited film to the electrode surface, than in the case of polymer deposited from H 2 SO 4 solutions.
With the same electrochemical conditions, the curve shapes of POT almost replicate the electrochemical behaviour of PANi, 15, 22 confirming once more that the mechanism of the redox processes in POT are the same as in the case of PANi.
Impedance measurements
Only qualitative impedance measurements were performed, in order to estimate the conductivity of the POT films for various applied cyclic voltammetry potentials. The Bode diagrams of the POT film prepared in HCl for the forward and reverse cycles at two fixed potentials of 0.7 V and 0.3 V are shown in Fig. 4 .
It is evident that in the higher frequency region, the impedance values are very low, reaching almost negligible values (below 10 ohms). The impedance curves exibit similar shapes as in the case of PANi. 22 The results suggest that the POT films prepared in HCl solutions have high conductivity, but lower than that of PANi, 23 under the same experimental conditions. The conductivities of PANi and POT were found to be » 5 S cm -1 and » 1´10 -1 S cm -1 , respectively. It is not quite clear how the ortho substituted electron donating methyl group modifies the conductivity of the polymer. However, besides the chemical structure and chain conformation, there are many factors that may influence the conductivity, such as chain packing and morphology of the polymer. The methyl group of the phenyl ring in the o-toluidine can be expected to increase the tor- sional angle between adjacent rings to relieve the steric strain. This may contribute to the lower conductivities of POT as compared to the unsubstituted PANi.
The results of impedance measurements obtained in H 2 SO 4 are not shown, since the POT films in H 2 SO 4 solutions free of monomer, were not very stable during the potential cycling.
Further theoretical and experimental work is necessary to evaluate the contributions of various factors to the conductivity of POT.
Raman spectroscopy
The Raman spectra of PANi and POT in oxidized form, under potentiostatic conditions, at a fixed potential of 0.7 V are shown in Fig. 5 .
The electrolyte background was substracted from the measured spectra and only the spectra resulting from the PANi and POT films are presented.
The assignments of the Raman bands are listed in Table I . Comparing these two spectra, big differences in intensity of spectral bands are observed. Namely, all the spectral bands of POT have considerably lower intensities than those of PANi and some of them are poorly defined. This effect is probably due to the larger thickness of the deposited POT film on the electrode surface and the higher absorption of the scattered Raman light in them. A small fluorescence effect is also observed.
The most dominant band in the POT spectrum is located at 1116 cm -1 . This band can be attributed to the n (C-C) vibration in the methyl substituted semiquinone and quinone rings and does not exist in the PANi spectrum. The most dominant band in the PANi spectrum is located at 1170 cm -1 . This band can be attributed to the C-H vibration in the plain bending mode of the semiquinoid radical cation (polaron and quinoid rings). Taking into account that the structures of the polarons and quinoid rings are not stable but relax into semiquinone radical cations, according to the polaron lattice theory, the band at 1170 cm -1 is assigned to the semiquinone radical cation. The small difference of the wave number of this band between PANi and POT is due to the methyl group attached to the benzene ring. Strong Raman bands, which are the main bands of the semiquinone radical cation appear at 1323 cm -1 and 1341 cm -1 . These two bands arise from n (C-C) and n (C-N) vibrations in the benzene ring. Periera et al., 24 observed only one band at 1333 cm -1 , said to be an indication of the presence of quinoid segments, while the conversion of quinoic rings into benzene rings was followed by increase in the intensity of the band.
The bands located at 1490 cm -1 and 1525 cm -1 in spectra of PANi are characteristic for head to tail coupling and arise from d (C=N) vibration in the polymer chain. However, these two bands are ill separated in the spectra of POT and merge into one large band. The bands located at: 830 cm -1 , 883 cm -1 and 1625 cm -1 are characteristic for p-disubstituted benzene rings.
DISCUSSION
In aqueous acid electrolytes, poly(o-toluidine) can be easily synthesized by cyclic voltammetry in the potential range between -0.2 and 0.7 V. However, no polymer is deposited on the electrode surface in the above mentioned potential region during the first scan. The recommended anodic potential limit for the first few scans is 1.2 V.
The initiation of polymer nucleation and its skeleton formation occurs above 0.9 V. The number of nuclei strongly depends on the prepolarization conditions. After several cycles, the anodic potential limit must be reduced from 1.2 V to at least to 0.7 V in the order to eliminate the formation of degradation products during the film growth. 20 It can be concluded that o-toluidine must be in some oxidized state to initiate polymer nucleation (in the first two cycles). The oxide species of o-toluidine autocatalize the polymer growth, therefore, it is not necessary to cycle the potential in the anodic sweep above 0.7 V.
The voltammetric results and the quality of the electrodeposited films suggest that the nature and concentration of the acid, as well as the monomer concentration, play a big role in the formation of the polymer structure.
In lower concentrations of H 2 SO 4 (Fig. 1a) , a rapid increase of a pair of large broad waves, which could be assumed to be the "middle peaks" occurs. 21 These middle peaks have been attributed to the oxidation/reduction of degradation products. Spectrscopic data confirmed the presence of degradation products (benzoquinone type compounds) 15 as precipitates in the polymer film. Due to the degradation products, the adherence of the electrodeposited film is poor and it peels off from the electrode surface.
At higher concentrations of H 2 SO 4 (Fig. 1b) , three pairs of well resolved redox peaks were detected. The peaks A/a and B/b belong to the electroactive switching reactions in POT, while the peaks C/c belong to the degradation products. The presence of degradation products diminishes the electroactivity of the polymer film and its adhesion to the electrode surface. In this case, during cycling, the diffusion of soluble colored degradation products from the electrode surface into the bulk electrolyte was obvious.
In our earlier reports, it was shown that the degradation products in PANi films consist of: p-benzoquinone, hydroquinone, p-aminophenol, and quinoneimine. 15 Some authors believe that the middle peaks are closely related to the cross-linking reactions, giving a two dimensional polymer with phenazine rings, 25 and also to ortho or meta coupling. 26 In this study the presence of phenazine structure could hardly be assumed. Raman spectroscopic measurements gave no evidence of the characteristic bands for cross-linking reactions. The possibility of ortho-coupling in POT should be taken with a great reserve, as one of the ortho positions in o-toluidine is blocked with a methyl group.
The most regular electrodeposition were obtained in aqueous solutions containig 2 M HCl and 0.3 M o-toluidine. The cycling was carried out in the potential range between -0.2 V and 0.7 V (Fig. 3) . Only two pairs of well defined peaks A/a and B/b gradually formed and the electrodeposited film adhered well to the electrode surface. There was no evidence of the middle peaks on the voltammogram and also no visible diffusion of soluble colored products from the electrode surface to the bulk electrolyte, during cycling. The regular increase in the current with each cycle indicates a regular growth of the film thickness. The potential position of the redox peaks does not shift with increasing number of cycles, indicating that the reversibility of the redox reactions is independent of film thickness. The electroactivity and switching reactions in the polymer film were reversible and with each cycle the color of the electrodeposited film changed alternatively from pale yellow at -0.2 V to green at 0.4 V and then to blue and violet at 0.7 V. The potential diference between first and second redox process for PANi in 2 M HCl is » 0.6 V. For POT this difference is significantly lower (» 0.4 V). In comparison to PANi, the potential for the first redox process is higher for POT and lower for the second one. This indicates that the electroactivity of POT occurs in a shorter potential region than the electroactivity of PANi.
Comparing the voltammograms and the Raman spectra of PANi and POT, the structure and redox reactions in POT, for various applied potentials, can be postulated. The Raman spectra show the existence of p-disubstituted benzene rings, as well as semiquinones and quinones rings.
Analogoes with aniline, radical cations of o-toluidine are formed, in the first positive scan, leading to the formation of dimer products adsorbed on the electrode surface. These dimer products react with the monomer units of o-toluidine and form polymerized segments of:
The first redox waves A/a correspond to the removal of electrons from the nitrogen atoms of the amine between the benzene rings, i.e. conversion of amine units to radical cations (semiquinones):
The second redox waves B/b can be assigned to the oxidation/reduction of the semiquinone radical cation (polarone state) to quinone imine (bipolarone state), verified by Raman bands at 1261 cm -1 , 1478 cm -1 and 1518 cm -1 : Therefore, the second redox process is attributed to the conversion of radical cations to the fully oxidized form (quinoidal structure).
From the Raman spectra, it is evident that the electropolymerization and redox reactions in POT film proceed by head-to-tail coupling. A Raman band, located at 1404 cm -1 , characteristic for N=N stretching vibrations, is not observed. This indicates that there is no head-to-head coupling in the polymer chain. The polymer chain consists mainly of para-coupling of semiquinone, quinone and benzene rings, in the ratio depending on the applied potential.
CONCLUSIONS
The following conclusions can be drawn from the voltammetric, impedance and in-situ Raman spectroscopical measurements:
-Potentiodynamic electrosynthesis of poly(o-toluidine) in H 2 SO 4 and HCl, for potential range between -0.2 V and 0.7 V vs. SCE, leads to the formation of uniform and electroactive films. For regular film thickness growth on the electrode surface, during cycling, the concentration of o-toluidine in the supporting electrolyte must be at least five times higher in HCl than in H 2 SO 4 .
-The cyclic voltammograms consist of two pairs of well-resolved redox peaks, the first corresponding to the conversion of amine nitrogens to radical cations, and the second to the conversion of the radical cations to imine nitrogens.
-The conductivity of POT is about an order of magnitude lower than the conductivity of PANi. The steric effects of the alkyl-substitutent (POT) are probably responsible for the decrease in its conductivity.
-The Raman measurements show that PANi and POT, prepared under identical experimental conditions have similar spectra. The existence of para-disubstituted benzene rings, semiquinoid radical cations and quinoid rings in the polymer chain are suggested, by the Raman assignment.
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